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~~~~~~~~~~~1. ‘l’hic memorandum ‘~onE1~ t,t~ of the abstract , text. , and l igurea

of a paper presented by the author at the Kl ghty-Eourth
Meeting of the f~coi~wtJ.cai ~ocie Ly of America in Mttiml ,
Ylori(Ia , on 2~.1 Nowinber 1972 . A more deLai1~d account of
this materiai v:ill be contained’ in a NUL~C report by the
auth or: “Utilization o f’ an Array Matched to I tidiviclual Modes;
A Compu ter Pr o~ ruin to Calcui.ate Normal Mode (~r c~pu~ ation Uaing
A Transm.l.L.Lin~ Array ” .
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A vertical tran smittin g array was implanted in Block
island Sound in November 1970. A theoretical. study was
undert aken to determin e the aptinn~m utilization of such an
array to excit e indivi dual normal modes. The result s of thi s
utudy are described. Two basic methods to emphasize indivi dual
modes, amplitude aM phase matching, are outlined. The bases
01’ these method n are derived from the basic proper t ies
of modes . Sample cases using these approaches were run using
a c~uputer program. The physical characte ristics of the implanted
array end BI.~I velocity profiles t~~ical for s~~~er and winter
were assumed. Propagati on loss was calculated for individual
modes when the array was matched in turn to modes iJi . ~or
each p roLile and mode, three methods of ea aaizi.ng individual
modes, two amplitude matching and one phase matching method ,
were evaluated.
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INTRO]XJCTION

The Naval lJnde rwater Systems Center is engaged in shallow
water investigation s for the purpose of formulating an accurate
model suitable for sonar performance prediction. Towards this
end a stud y of normal mode propa gation in shallow water is
being cond ucted. A pr imary experimental too]. used in this
st udy is a ver t. ~ca.l array of 25 sound projec tors shown
Lu Figure 1 at point N near Block Island In the BIFI range .
This array has been designed for use in exciti ng ind ividual
normal modet~ • The excitation of individual modes has many
possible uses. Individual modes may be studied. In addition
(.he effect of interferenc e between modes may be reduced . Further
it. in possible to select for excitation a mode which either
maximizes the level 01 the sound field or selectively provides
inform ation about a portion 01 the water column in which there
is intere st. This paper descri bes the Initi al st ages of a
theoretical investigation undertaken to determine the optimum
utilization of such an array to excite individual normal modes.

AMPLITUDK MATCHING

One method or excit ing indi vi dual modes is to match an
array to the vertical amplitude distribution of the mode.
The basis of this method in illustrated in Figure 2 in the
idealized cane where pressure release sur faces are assumed
at. the boundaries. The pressure wnplitude 

~a at any fixed
range and depth is prop ortio nal to the displacement potential

~~ a~~corresponding to mode m at the source depth
an shown in relation (i). IL can be seen in the sketch below
that ~~ &~~ ts either pos itive or negat ive , dependi ng upon the
source depth. Relat ion (2) gives the pressure amplitude
itt any fixe d range and depth produced by a vertical array of
point sources. The con tributions of the individual elements
are ~wiined for the N array elements • The term in brackets gives
the amplitude and phase shading of a given element • In order
to maximize P~ for a given mode we make use of the orthogonality
property 01’ the modes given by J~q• (3). It follows from (3)
and (2) that , for a continuous vertical array of point ao~wcen
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matche d to mode n as given brij  Eq. (u), all arrivals corresponding
to the matched mode will add in phase. Arrivals corresponding
to all other modes completely cancel each other .

Thus far we have considered mode matching while assu’.ing
a medium bounded by two pressure release surfaces • It is
more realistic to assume a semi-infinite liquid bottom so that
there in a sharp discontinui ty in density and sound velocit y
at the water-bottom interf ace. Pekeria and others have shown that
the modes are no longer orthogonal for such a botto m. Hence
matching to a mode will emphasize this mode in the sound fiel d
but will not completely eliminate all other modes • The results
of matching in this manner have been calculated with a computer
program developed for this purpose and theoret ical results for
a 25-element array and typic al BIFI velocity profi les are
presented later .

m a  stud y cond ucte d by A. D. Little a simple method of
amplitude matching was proposed. This form of matehing is illustrated
in Figure 3 in the case of mode 2. The displacement potential

4~ 
is normalized so that its ~~~~4-~~’R value is 1. A given

array element is either turned on or of f ~spending upon the
magnitude of ~ at the el~~ nt depth. The phase associated
with the element is either 0 or 180 degrees . If c~ is
greater than 1/2 the element ii turned on and its phase is
set at 0 degrees . If ~ is less than -1/2 the element is
turned on and its phase is set to 180 degrees. If the
absolute value of 0 is less than 1/2 the e1~~~nt is left off.
The two methods of amplitude shading described above are compared
later in a description of the resul ts of test s using the previously
mentioned co~~ iter program.

PHASE MATCI4IN3

Another approach toward the goal of emphasizing one mode
in the sound field is matching the vertic al phase shading of an
array to that of the desired mode. Th. basis of this method
is illustrated in Figure 1~ fo r the idealized case where density
and sound velocity are constant in the water coluazi and pressure
release surfaces are aasueed at the boundaries. As shown in
the f igure the plane wave corresponding to mode m iat
propagate in a dir ect ion such that A , the advance in phase
which occurs as the wave progresses from the top to bottom, is

~~ ~ given by ‘mir • In matching a vertical array- to mode a the
phases of the eLements vary linearly with the depth from 0 to ‘.~‘r.

lj

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ._ 4 - .—~- - - ~~~~~—~~~~~~~~_ -- — .



• - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~•~• 
— -

~ 
— - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

_‘

~

_•_•

~~~~
-,

• 1
TM No.
TA1177 73

The pressure amplitude of a mode as a function of depth
can be determined by adding upgoing and downgoing waves
corresponding to the mode as shown in the l.tt of Figure
5. Such plitude distribution s are shown to the right on the
figure for modes 1 and 2. Similarly the phase of either of the
waves at any particular water depth can be determined from the
amplitude distribution as a function of depth. The phase
of a wave corresponding to mode a at a given depth can be j
determined simply by calculating the erceine of the normalized
amplitude distribution at the depth of the el~~~nt. A form of
cosine weighting is used to determine the amplitude of each
array element.

EVALL~.TI0N OF 1€TW)DE

A c~~~uter program, which is used to determine the
emplitude and phase of array elements necessary for the previously
described amplitude and phase matching, has been written. In
addition, the program, assuming a vertical array of point s~~~ces,
uses norms]. mode theory to predict acoustic propagatio n in a
medium over a bottom whose depth and acoustic properties vary
with range.

[ Sample cases were run on a computer in order to evaluate
k the three methods of mode matching outlined previously. The

methods were evaluated through calculations of the theoretical
Btrengtb of the matched mode in the sound ft eld and the extent
to which other modes are depressed in the field. In all, cases
input parameters to the program included the physical. structure
of the 25-element 5171 array as well as velocity profiles
typical of the BIFI range for s~~~~r and winter. All calculations
were performed at a frequency of 1000 Hz and a constant
110 foot water depth was assumed. In order to eliminate the
influence of receiver position only relative values of signal
are considered.

The received levels were calculated at a fixed receiver
when the array is matched in turn to each of the modes l-Iê.

• For both su er and winter conditions the three mate1~ing procedures
outlined prev~~ sly were used. For both seasons and all modes
the relative levels of the modes corresponding to the three
procedures were constant to 0.3. dB. These levels are given in
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• 1• Lgurc 1. ‘[‘he 1eve].~ of the matc:hod modes were highest l’or exact
amplitude mittching. ‘fho omplitudo matching using either 4 1
or -1 w lghttng produced a signal level only 0.I~ dB below that
produced by exact amplitude matching. Matching to the phase of the
progressive wave associated with the desired mode produced levels
1.3 d13 below that of exact ampli tude matching.

In I” igurc 7 the levels of the modes which are not being
mlLtche (i i~.re listed for sumaer and winter. These levels are a
measure of the rejection of unwante d mode3. The levels are •

given relativ e to the level of the mode when it is being matched.
(‘l’his leve l l~ s~’t arbitraril y to 0 dB ). The8e levels are obtained
by the following procedure. I~iret the level of a given mode is

• calculat ed when the arr ay is matched to this mode. Next the level
• of thi s mode is calculated when the array is matched in tur n to each 

•

or the other three modes and an average o these three levels is
then calculated. The tabulated numbers represent the di ffer ence in
(U~ between the level obtained when the array Is matched to the mode
and the avcr nge Level of the mode when the array is matched
to other modes, It can be seen that the levels of the modes not
matche d are about 20 dO below the level of thos e being matched. It
(
~~f l also be ucen that the unmatched modes are less depresse d
tn the ~unvncr than in the winter. This can be attributed to the
Increasing penetration of energy int o the bottom duii ng the sumeer
and the result ing relative ly Inefficient mode matching . It can

• also be seen that phase matching has the least effect in depres sing
unmatched modes.

CONC LU~I0NS

• 

• 
‘ I’o t;uninari~ e, three mode matching procedures and their

evaluation twing a computer program wer e described. An array may be
used either to match the vertical amplitude distribution of a mode

k or the phase ol ’ the progressive wave associated with the mode . It
wan found that all methods , in theor y , would successfully emphasize
any d esired mode and depress all others under a variety of thermal.
conditions . Amplitude matchi ng was found to provide more desirable
characteri stic s in the sound field than phase matchi ng. This may be
a reault of the less than opti mum amplitude shading used in the phase
switching procedure. The rough amplitude matching proved to be an
.‘xcellent aoproxi mato matchin g procedure. The necessary amplitude
and lhaae of each array element for all procedures is provided
hy n computer program. The 13111’I range contains a vertical transmittin g
Ii.rrn.y which can be used to excite individual modes using any of the ••

~~~
-.

J we(tu rl~n (UscLwne~E. An experimental effo rt is being made to test
these procedures.
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